Antioxidant isoenzymes function to eliminate free radicals and are localized to severa1 different subcellular compartments within the plant cell. In Arabidopsis thaliana exposed to ozone (O3), we have monitored the accumulation of mRNAs encoding both cytosolic and chloroplastic antioxidant isoenzymes. Two different O, exposure protocols yielded similar results. Upon O, exposure, the steady-state levels of three mRNAs encoding cytosolic antioxidant isoenzymes (ascorbate peroxidase, copper/zinc superoxide dismutase, and glutathione S-transferase) increase. The glutathione Stransferase mRNA responds very quickly to the oxidative stress (2-fold increase in 30 min) and is elevated to very high levels, especially in plants grown with a 16-h photoperiod. In contrast, O, exposure causes a decline in the levels of two chloroplastic antioxidant mRNAs (iron superoxide dismutase and glutathione reductase) and two photosynthetic protein mRNAs (chlorophyll a/b-binding protein and ribulose-l,5-bisphosphate carboxylase/oxygenase small subunit). We show that this decline does not include all mRNAs encoding chloroplast-targeted proteins, since O, causes an elevation of mRNA encoding the chloroplast-localized tryptophan biosynthetic enzyme phosphoribosylanthranilate transferase. Two alternative hypotheses that could explain this differential mRNA accumulation in response to O, are discussed.
propanoids, carotenoids, and flavonoids (reviewed by Salin, 1987; Foyer et al., 199413; Kangasjarvi et al., 1994) . In addition to a direct role as antioxidants, ascorbate and glutathione also participate in the ascorbate-glutathione cycle. In this pathway, the H,O, formed directly from reaction of O, with H,O and from metabolic processes such as the activity of SOD is metabolized to H,O with the expenditure of reductant in the form of NADPH. Enzymes involved in this cycle include APx, dehydroascorbate (and monodehydroascorbate) reductase, and GR (reviewed by Foyer et al., 199413) .
The majority of the ascorbate-glutathione cycle enzymes have been documented in both the chloroplast and the cytosol: isoenzymes of SOD, GR, and APx have been found in both of these cellular compartments (Alscher et al., 1991; Bowler et al., 1992) . In contrast, only chloroplastic dehydroascorbate (and monodehydroascorbate) reductase isoenzymes have been described in higher plants (Hossain and Asada, 1984) ; carriers are known to transport ascorbate and reductants across the chloroplast envelope membrane, serving to link the two pathways (Foyer et al., 1991) .
Other known antioxidant enzymes that may play a role in the remova1 of free radicals or lipid peroxidation products are Cat, GST, guaiacol peroxidase, glutathione peroxidase, and a mitochondrially localized SOD (Decleire et al., 1984; Price et al., 1990; Bowler et al., 1992; Willekens et al., 1994) .
During adaptation to a situation that leads to increased oxidative stress, antioxidant enzyme activities would be expected to increase. Increases were documented in the activity of one or more of the following antioxidant enzyme activities upon O, exposure: SOD, APx, dehydroascorbate reductase, GR, Cat, and GST (Castillo and Greppin, 1988; Price et al., 1990; Kangasjarvi et al., 1994) . Complicating this picture, it was found that this response is variable and dependent on the plant species, the stage of development, and the dose of O, (Decleire et al., 1984; Krupa and Manning, 1988; Price et al., 1990) . Although positive correlations between the leve1 of antioxidants and antioxidant enzyme activities and the O, tolerance of different cultivars have been described (Guri, 1983; Tanaka et al., 1985) , such Plant Physiol. Vol. 109, 1995 correlations do not allow critica1 assessment of the relative importance of the roles of individual isoenzymes in the detoxification of O,-generated free radicals.
The activity of individual isoenzymes in the ascorbateglutathione cycle may be rate limiting for remova1 of the free radicals generated by different stresses. To address this question, transgenic plant lines that overproduce either SOD or GR were employed, and some contradictory results were obtained (Foyer et al., 1994a) . Transgenic tobacco overexpressing approximately 15-fold higher levels of the petunia chloroplastic CuZnSOD isoenzyme targeted to tobacco chloroplasts did not exhibit increased tolerance to O, (Pitcher et al., 1991) . In contrast, tobacco plants that overexpress 2-to 4-fold the Nicotiana plumbaginifolia manganese SOD targeted to the chloroplast were found to be more resistant to O, . Although no increased O, tolerance was found for transgenic tobacco that overexpressed E. coli GR in the cytosol or the chloroplast, these transgenics were more resistant to two other agents of oxidative stress, paraquat and sulfur dioxide (Aono et al., 1991 (Aono et al., , 1993 .
We are using Arabidopsis thaliaiza to identify the genes that are important in protection against O,-mediated damage. A. thaliana mutants can be sought to directly address the causative role of individual enzymes, such as those in the ascorbate-glutathione cycle, in resistance to oxidative stress and may also reveal key regulatory mechanisms. Toward this eventual goal it is important to first understand the response of wild-type A. thaliana to O,.
Severa1 A. thaliana cDNAs have been isolated that encode enzymes with possible functions in the detoxification of free radicals. The work described in this report along with that of Sharma and Davis (1994) describe the accumulation of these antioxidant mRNAs in A. thaliana exposed to O,. Sharma and Davis showed that in plants exposed to a high concentration of O, (300 nL L-'), mRNAs encoding four cytosolic enzymes (CuZnSOD, a neutra1 peroxidase, GST, and Phe ammonia-lyase) increase, whereas a Cat mRNA was unaffected. No consistent changes in the levels of these mRNAs were seen in plants exposed to 150 nL L-' O, (Sharma and Davis, 1994 
MATERIALS A N D METHODS

Culture of Plants
The Arabidopsis thaliana used in this analysis was the Columbia wild type. To obtain plants for O, exposure, seeds were sown at a density of approximately 150 seeds/ 15-cm-square pot in "Cornell mix" (Cornell University, Ithaca, NY). A. thaliana seedlings were 14 d old at the start of the O, exposures.
A. thaliana to be exposed to 250 nL L-' O, were grown in a light room with continuous light (80-100 pmol mP2 s-' PPFD) at approximately 18°C. These plants were then acclimated in the constant-environment chamber (Western Environmental, Napa, CA) used for the O, exposures for 16 h before the exposures commenced. Conditions in this chamber were as described below except that the plants remained on a regime of continuous light.
Plants exposed to 175 nL L-' O, were grown from seed in the constant-environment chamber used for the O, exposures. Environmental conditions in this chamber included a 16-h photoperiod from 6: OO AM to 1O: OO PM, 75% RH, 21"C, 75 to 90 pmol m-' s-l PPFD provided by multi-vapor lamps, and activated charcoal-filtered air.
O, Exposures
Three different types of O, exposure experiments were conducted in the chamber described above. Seedlings were exposed to: (a) 250 nL L-' O, for a single 8-h period, (b) 250 nL L-' O, for a single 2-h period, or (c) 175 nL L-' O, for 8 h on each of 4 consecutive days. The 8-h fumigations were conducted from 9:OO AM to 5: OO PM. O, was produced from O, by a Griffith Technics Corporation (Lodi, NJ) O, generator. The O, was delivered to the chamber via Teflon tubing, and the concentration in the chamber was monitored on a continuous basis using a U.V. Photometric Ambient O, Model 49 Analyzer (Thermo Environmental Instruments, Inc., Franklin, MA). Control plants were treated exactly as the seedlings exposed to O, but were exposed only to charcoal-filtered air. Each of the three O,-exposure experiments was repeated, and the results of these six independent O, exposures are presented below.
RNA Extraction and Analysis
Whole rosettes were harvested directly into liquid nitrogen and total RNA was prepared from this tissue using: (a) a previously described method (Nagy et al., 1989 ) with the addition of 1 mM aurin tricarboxylic acid to the extraction buffer or (b) the method supplied with TRIzol Reagent (GIBCO-BRL). RNA extractions from one set of tissue samples were performed for each O,-exposure experiment. Duplicate samples of RNA were analyzed (except for the data in Fig. 8) for each of the O,-exposure experiments, and the average value from each duplication is presented. The concentration of RNA was determined spectrophotometrically, and 10 p g of each sample was ethanol precipitated and dissolved in sample loading buffer that included 25 pg/mL ethidium bromide. RNA filters consisting of NitroPure membranes (Micron Separations, Inc., Westborough, MA) that contained size-fractionated RNA were prepared according to a previously described method (Ausubel et al., 1989) .
RNA loading on each gel was normalized using the ethidium bromide staining of rRNA. Images of the ethidium bromide-stained gels were obtained using an EagleEye I1 Still Video System from Stratagene. The stained gel images were analyzed using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). For each lane of RNA, the four major visible RNA molecules running between approximately 1 and 2 kb were collectively quantified. A correction factor for RNA loading was obtained from this quantification and used for normalization of the autoradiographic signals.
Gel-purified fragments containing the DNAs listed below were isolated and used as radiolabeled probes for hybridization to the RNA filters using a previously described method (Rose et al., 1992) . After hybridization, filters were washed twice in 2X SSC, 0.1 X SDS and twice in 0.1X SSC, 0.1% SDS at 65°C. A Hybaid oven (National Labnet Co., Woodbridge, NJ) was utilized for these hybridizations. Quantification of the probe hybridized to specific mRNAs on the filters was achieved using a PhosphorImager (Molecular Dynamics).
DNA Probes Used in This Study
Antioxidant Enzyme DNAs
A 788-bp CuZnSOD cDNA from A. thaliana ecotype Columbia was obtained as pcSODRH (Hindges and Slusarenko, 1992) , and the EcoRI fragment containing the CuZnSOD cDNA was used for the hybridization probe. The 969-bp A. thaliana chloroplastic FeSOD cDNA from pSODlO (Van Camp et al., 1990) was released from vector sequences with HindIII and EcoRI. A GSTl cDNA from A. thaliana ecotype Columbia was obtained as pPig6 from the laboratory of F. Ausubel (Massachusetts General Hospital, Boston, MA) and the 0.9-kb GSTZ cDNA was digested from the plasmid with BamHI. The cytosolic APx and chloroplastic GR cDNAs were PCR amplified from an A. thaliana cDNA library in AYES (Elledge et al., 1991) . The APx cDNA was amplified using primers 5'-CTTCCTCGAGACAA-GAGCTTAGCTAAG-3' and 5'-TAATAGATCTAAGCAG-CAAAAGCGCAACGG-3'. The GR cDNA was amplified using the primers 5'-GGAATTCGGTTTTCTGTTTGTGC-CAGTAC-3' and 5'-GCTCTAGACAGCGATCATATCT-TCACACGAC-3'. These oligonucleotides were chosen from the published cDNA sequences (Kubo et al., 1992 (Kubo et al., , 1993 . The identities of the amplified APx and GR cDNAs were verified by restriction enzyme analysis.
Other DNAs
The A. thaliana Cab genomic clone pAB180 (Leutwiler et al., 1986) , now known as Lhcbll-2, was digested with BamHI and SstI to isolate the approximately 500-bp Lhcb11-2 coding region fragment. A 300-bp A. thaliana rbcS cDNA was obtained from A. Cary (Boyce Thompson Institute, Ithaca, NY) and was isolated from vector sequences using XkoI and EcoRI. A full-length, 1.6-kb PATl cDNA was released from vector DNA with XhoI (Rose et al., 1992) .
Specificity of Probes for Chloroplastic versus Cytosolic Antioxidant mRNAs
The following data suggest that the high-stringency hybridizations used in this analysis allow quantitation of mRNAs encoding organelle-specific antioxidant isoenzymes. Genomic gel blot hybridization analysis has revealed that the cDNAs encoding chloroplastic GR (Kubo et al., 1993) , cytosolic APx (Kubo et al., 1992) , and cytosolic CuZnSOD (P.L. Conklin and R.L. Last, data not shown) represent single-copy genes. A. thaliana contains at least five different SOD isoenzymes (Pan and Yau, 1992) . However, because of the divergence between cytosolic, chloroplastic, and mitochondrial SOD isoenzymes, the SOD cDNAs used in this study should be specific for either chloroplastic (FeSOD) or cytosolic (CuZnSOD) mRNAs. For example, the overall DNA sequence identity between cytosolic CuZnSODs and chloroplastic CuZnSODs is less than 65% for a variety of plant species (Bowler et al., 1994) . Between Nicotiana plumbaginifolia mitochondrial manganese SOD and various chloroplastic FeSODs, the amino acid sequence conservation is less than 40% (Van Camp et al., 1990) . The GSTZ cDNA is derived from a GST gene that is part of a multigene family and may therefore hybridize to mRNAs of similar size from other, closely related members of this family (Zhou and Goldsbrough, 1993) . The mRNA hybridizing to the GSTZ cDNA is referred to simply as GST mRNA. We are not aware of any reports of chloroplastic or mitochondrially localized GSTs and therefore assume that the GST mRNA hybridizing to the GSTl cDNA encodes a cytosolic isoenzyme(s).
RESULTS
Fourteen-day-old A. thaliana plants were subjected to three different O,-exposure protocols (see "Materials and Methods"), the results of which are described below. Each different exposure was repeated and the results of the six O,-exposure experiments are reported because of variation in the results obtained between some experiments. Despite this variation, the overall trends (increased or decreased mRNA levels) were reproducible within each of the three different O,-exposure protocols. For the analyses, total RNA was extracted from entire rosettes, therefore averaging any developmental or tissue-specific differences in RNA accumulation within each plant. The Columbia ecotype of A. thaliana is very tolerant to O,; little or no injury in the form of typical O,-induced chlorosis or lesions was noted in plants exposed to 250 nL L-' O, for 8 h. Plants exposed to O, (175 nL Lpl) over a 4-d period experienced growth retardation (P.L. Conklin, data not shown), as previously described (Sharma and Davis, 1994) for plants grown under 150 nL Lpl O, (Sharma and Davis, 1994) .
O, Causes lncreased Cytosolic Antioxidant mRNAs
Exposure of A. thaliana that had been grown under continuous light to 250 nL L-' O, for 8 h caused an increase in the leve1 of three mRNAs that encode cytosolic antioxidant enzymes: GST, APx, and CuZnSOD. Whereas the kinetics of the accumulation are similar for GST and APx mRNAs, the CuZnSOD mRNA increased at a slightly slower rate (Fig. 1) . The observed increase was greatest for GST mRNA (Figs. 1A and 2); within 2 h GST mRNA increased 30-to 50-fold. GST mRNA levels did not increase further during the remaining 6 h of O 3 treatment and appeared to decline by the end of the exposure. Twenty-four hours after the end of the O 3 exposure, GST mRNA levels had returned to near initial levels. Although APx mRNA levels also increased with this O 3 treatment, the change was not as large as for GST (Fig. IB) . APx mRNA levels rose 6-to 8-fold after 2 to 4 h of O 3 and declined during the remainder of the O 3 exposure. Levels of APx mRNA had returned to near initial levels 24 h after the end of the O 3 exposure. After 2 h of O 3 , CuZnSOD mRNA increased approximately 2-fold (Fig. 1C) . Unlike the GST and APx mRNAs, CuZn-
Figure 2. Representative raw data from RNA gel blot hybridization analysis shown in Figure 1A (second replicate). A, Hybridization of CST1 cDNA to total RNA from A. thaliana exposed to 250 nl_ L~' O 3 for 8 h. B, Ethidium bromide-stained rRNA bands used to normalize loading of the above total RNA.
SOD mRNA levels continued to rise during the remainder of the treatment to 3 to 4 times the initial levels after 8 h of O 3 . Twenty-four hours after the end of the O 3 exposure, CuZnSOD mRNA levels were still somewhat elevated relative to the pre-exposure levels.
As shown in Figure 1A and described above, GST mRNA rapidly accumulated to high levels (30-to 50-fold within 2 h of 250 nL L~] O 3 ). The magnitude of this response is very striking in comparison to all other plant mRNAs known to be elevated by O 3 . To determine the kinetics and magnitude of GST mRNA accumulation, we exposed plants to 250 nL L^1 O 3 for 2 h, collecting tissue for mRNA analysis at 15-min intervals during the remainder of the exposure. As shown in Figure 3 , GST mRNA levels rose approximately 2-fold after only 0.5 h of O 3 and showed further increase during the exposure. One hour after the end of the treatment, GST mRNA levels remained elevated (approximately 20-fold) and had declined somewhat when assayed 4 h after the O 3 exposure was terminated.
For the previously described O 3 exposure regime, A. thaliana was grown under continuous light, a condition common in the laboratory culture of this plant. This is a 
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GST light regime that would not be experienced by A. thaliana in a natural environment. Also, plants in the natural environment are exposed cyclically to O,, since O, is produced photochemically during daylight hours. Therefore, we determined the response of A. thaliana grown with a 16-h photoperiod to a lower concentration of O, (175 nL L-') given in 8-h exposures/ d over a 4-d period. Although this O, concentration is still relatively high in comparison to the O, levels that occur in most U.S. cities (which can reach midday levels of 100-300 nL L-'), average O, levels during the day in the South Coast Basin of California are at least 100 to 200 nL L-l almost year-round (Mustafa, 1990) .
Over a 4-d period of exposure to O, (175 nL L-' for 8 h / d) cytosolic antioxidant mRNA levels increased during each exposure period and returned to near initial levels 16 h after the end of each fumigation ("O h" on d 2 4 ) as shown in Figure 4 . There appeared to be no long-term alteration in the assayed mRNA levels after the end of this 4-d treatment regime ("24 h pt"). On each of the four treatment days, GST mRNA levels rose to very high levels during the 8 h of O, and returned to low levels by the start of each following day's exposure ( Fig. 4A ). For example, on d 1, GST mRNA accumulated approximately 200-fold above the initial level, and on d 2 at O h, O, returned to a very low level. This relative increase of GST mRNA is much higher than that seen for continuous light-grown plants exposed to 8 h of 250 nL L-' O, (see Fig. 1A ) and could be due to lower initial GST mRNA levels in the plants grown with a photoperiod. APx mRNA also accumulated during each 8-h exposure period and recovered overnight, but the response appeared to be attenuated on each subsequent day (Fig. 48) . This attenuation is most striking when comparing d 1 and 2 of the O, treatment: APx mRNA levels rose approximately 5-to 7-fold on d 1 but only 3-to nearly 4-fold on d 2. CuZnSOD mRNA levels also generally increased on each individual day of O, treatment, although no clear attenuation of this response was noted (Fig. 4C) .
O, Causes Decreased Chloroplastic Antioxidant mRNAs
In contrast to the effect of O, on cytosolic antioxidant mRNAs, a single, 8-h dose of O, (250 nL L-') decreased the level of two chloroplastic antioxidant enzyme mRNAs, FeSOD and GR. During the 8-h exposure, both FeSOD (Fig.  5A) and GR (Fig. 5B ) mRNA levels declined. FeSOD levels dropped approximately 35 to 65% after 8 h of O,, and GR mRNA levels dropped approximately 65%. The amount of FeSOD mRNA 24 h after the end of the O, exposure varied between the two independent exposures. In one experiment, the steady-state level of this mRNA had returned to nearly the initial level, whereas the concentration of FeSOD mRNA was still approximately 40% lower than pretreatment levels in the second experiment (Fig. 5A) . The small elevation of the control FeSOD mRNA levels at 8 and 24 h after the end of O, exposure (Fig. 5A ) may be due to developmental changes, but the current data do not allow us to address this possibility. GR mRNA levels recovered to near initial levels 24 h after fumigation (Fig. 5B) . In the control plants that were not exposed to O,, both FeSOD and GR mRNA levels at the end of the 8-h treatment period were similar to those at the O-h time point (Fig. 5, A and B) . Unlike the increases in cytosolic antioxidant mRNAs seen in plants exposed to four diurna1 cycles of O, (175 nL L-'), mRNAs for chloroplastic antioxidant enzymes (FeSOD and GR) generally declined during each 8-h O, exposure and then recovered prior to the next day's exposure (Fig. 6 ). This response is clearly seen for the level of FeSODmRNA (Fig. 6A) (Fig. 6B) , GR mRNA levels declined in our plants grown with a photoperiod in control conditions of charcoal-filtered air during the 8-h experimental periods. For example, GR mRNA decreased approximately 45% on d 1 and approximately 35% on d 4 (Fig. 6B) . However, during the 8-h O, exposures, GR mRNA levels decreased to a greater extent than in the control plants (e.g. approximately 55-75% on d 1 and approximately 60-75% on d 4, Fig. 6B ). Therefore, we believe that despite the apparent underlying diurna1 fluctuation in GR mRNA levels, O, still exerted an effect on this mRNA in a manner similar to that exerted on FeSOD mRNA.
O, Causes Decreased Photosynthetic Protein mRNAs
O, causes a reduction in photosynthesis and a decline in both the quantity and activity of Rubisco in potato (Dann and Pell, 1989) . We wished to determine whether mRNAs that encode photosynthetic proteins in A. thaliana (proteins without known antioxidant functions) decrease with O, exposure as has been shown for both RbcS and RbcL mRNAs in potato (Reddy et al., 1993) . In A. thaliana exposed to 250 nL L-' O,, we observed a concomitant decline in the leve1 of two photosynthetic protein mRNAs in parallel with the decline of chloroplastic antioxidant mRNAs and in agreement with previously published work (Reddy et al., 1993) . 
O, Causes an lncrease in mRNA Leve1 of a Chloroplast
Metabolic Enzyme
The levels of mRNAs encoding four different nuclearencoded chloroplast proteins decrease upon exposure to O,. Two of these mRNAs encode chloroplastic antioxidant enzymes (FeSOD, GR) and two encode photosynthetic proteins (Cab, RbcS). Whether this down-regulation is a general phenomenon for all nuclear-encoded chloroplastic protein mRNAs was tested by studying the effect of O, on the level of PATl mRNA. This mRNA encodes PAT, a chloroplast-targeted metabolic enzyme catalyzing the second step in Trp biosynthesis (Radwanski and Last, 1995) .
In marked contrast to the down-regulation of mRNAs encoding chloroplastic antioxidant and photosynthetic proteins, PATl mRNA increased after O, fumigation. The PATl mRNA increased approximately 7-to 8-fold after an exposure to 8 h of 250 nL L-' O,; 24 h after the treatment, it had decreased to near initial levels (Fig. 9) 
D ISCUSSION
Oxidative stress is experienced by plants as the result of normal metabolic processes and can be compounded by biotic and abiotic factors. We are using the air pollutant O, as a model abiotic stress in studies of the response of A. thaliana to enhanced oxidative stress. O, was chosen for a variety of reasons, including that it is relatively simple to deliver uniform doses to whole soil-grown plants, it is a direct source of active oxygen species, its phytopathology has been extensively studied in many plant species, and it is an especially deleterious component of photochemical smog. We have chosen to do detailed studies of the plant O, response using A. thaliana because of its facile genetics and molecular biology.
We have shown that A. thaliana responds to O,-induced oxidative stress with an increase in cytosolic antioxidant isoenzyme mRNAs (GST, CuZnSOD, APx) and a reduction in mRNAs for chloroplastic antioxidant isoenzymes (FeSOD, GR) and for photosynthetic proteins (RbcS, Cab). Of the cytosolic antioxidant mRNAs elevated by O,, the amplitude of the change in GST mRNA was the largest. This is in agreement with the findings of Sharma and Davis (1994) . GSTl mRNA is also induced by infection with Pseudomonas syringae with similarly rapid kinetics. Within 1 h of infection, GSTl mRNA increases and peaks at 3 h at 40 times the basal level. GSTl is also induced by ethylene and salicylic acid (F. Ausubel, personal communication). GST detoxifies the byproducts of lipid peroxidation by conjugation of glutathione to activated alkenals and by peroxidation of organic hydroperoxides (Pickett and Lu, 1989) . Because lipid peroxidation is thought to be the major source of O, injury (because these products propagate additional reactive oxygen species), elevation of GST mRNA in response to O, is likely to be an important adaptive mechanism.
www.plantphysiol.org on January 29, 2018 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 109, 1995 In addition to GST, the mRNAs encoding cytosolic APx and CuZnSOD were also elevated in A. thaliana exposed to O,. The response of these mRNAs to O, was previously correlated with the onset of visible injury. For example, in Nicotiana tabacum, APx and CuZnSOD mRNA levels do not rise with O, exposure until visible necrotic lesions develop . N. plumbnginifolia cytosolic CuZn-SOD mRNA also responds slowly to O,, increasing only after the onset of visible symptoms . In contrast, the fairly rapid increases that we observed in both of these mRNAs upon exposure of A. thaliana to O, did not correlate with visible injury. We observed that the level of CuZnSOD mRNA rose more slowly than APx and remained somewhat elevated after the end of the O, exposure. The later response of cytosolic CuZnSOD in A. thaliuna treated with O, may be an adaptive mechanism that allows adequate levels of H,O,-metabolizing enzymes (such as peroxidases and catalases) to accumulate prior to increasing H,O, production. In fact, overproduction of SOD can be toxic to cells because excess H202 reacts with Fe2+ to produce highly toxic hydroxyl radicals (Ma0 et al., 1993) .
We observed a dampening of the induction of APx mRNA on exposure of plants to O, (8 h / d ) over a 4-d period. To a lesser extent, the GST mRNA accumulation over this time period was also dampened. Attenuation of GST mRNA during later days of treatment was also reported in A. thaliana exposed to 6 h / d O, over an 8-d
period (Sharma and Davis, 1994) . After induction of antioxidant enzymes during previous exposures to O,, the plants may experience less oxidative stress from fumigations and therefore accumulate less antioxidant mRNAs.
It is apparent from this study and others that plants respond to O, with an elevation of the mRNAs for cytosolic antioxidant enzymes (Sharma and Davis, 1994; Willekens et al., 1994) . Other abiotic environmental agents thought to cause oxidative stress also elicit this response. Sulfur dioxide induces a rise in catalase and glutathione peroxidase mRNAs in N. plumbaginifolia . A. thaliana cytosolic CuZnSOD and APx mRNAs (L.G. Landry and R.L. Last, unpublished results) and N. plumbaginifolia Cat and glutathione peroxidase mRNAs are elevated in response to UV-B treatment . Both cytosolic APx and SOD mRNA levels rise in droughtstressed Pisum sativum (Mittler and Zilinskas, 1994) .
In contrast to the positive effect of O, on cytosolic antioxidant enzyme mRNA levels, we have shown that O, causes a decline in the level of A. thaliana nuclear-encoded mRNAs for two chloroplastic antioxidant enzymes (FeSOD, GR). Similar observations have been made in N . plumbaginifolia and N . tabacum. For example, O, exposure causes steady-state FeSOD mRNA levels in these two species to decrease . Exposure to UV-B also causes a reduction in Nicotiana FeSOD mRNA and P. sativum chloroplastic CuZnSOD mRNA (Strid et al., 1994) . Two alternative hypotheses can be invoked to explain this decline in antioxidant function in response to O,.
The first model, that an O,-induced decline in photosynthesis indirectly causes the decline in A. thaliana FeSOD and GR mRNAs, is supported by published correlative data. Chloroplast-localized antioxidants actively detoxify the free radicals produced by photosynthetic electron transport (Foyer et al., 1994b) . In N . plumbaginifolia the mRNA encoding one of these chloroplastic antioxidants (FeSOD) appears to be regulated by the level of chloroplast-generated free radicals; an increase in active oxygen by exposure to photoinhibitory conditions or by paraquat treatment results in an elevation of FeSOD mRNA, whereas blockage of photosynthetic electron transport causes FeSOD mRNA levels to decline (Tsang et al., 1991) . O, is also known to depress photosynthetic activity by triggering inactivation and proteolysis of Rubisco and by decreasing the level of RbcS (and sometimes RbcL) mRNAs (Figs. 6 and 7) . This response is not specific to O,; other agents of oxidative stress, such as UV-B and drought, also negatively affect the level of photosynthetic protein mRNAs (Jordan et al., 1992; Williams et al., 1994) . Taken together, these data are consistent with the notion that the O,-induced decline in photosynthetic activity could trigger the observed reduction in A. thaliana FeSOD and GR mRNAs.
Although the above hypothesis rests upon the assumption that there is an overall decline in free radicals in the chloroplasts of O,-exposed plants, there is evidence indicating that O, actually causes enhanced oxidative stress within the chloroplasts. For example, chloroplast DNA from O,-treated beans and peas accumulates elevated levels of 8-hydroxyguanine, a product resulting from reaction of guanine with hydroxyl radicals (Floyd et al., 1989) . Furthermore, transgenic tobacco that overexpresses chloroplastic SOD 2-to 4-fold is more resistant to O, , suggesting that O, exposure causes increased superoxide radicals in the chloroplasts.
An alternative hypothesis is that O, triggers a senescence-related mechanism that globally decreases accumulation of transcripts encoding photosynthetic proteins and chloroplastic antioxidant enzymes. In this scenario, O, would activate a senescence pathway that overrides the ability of the plant to up-regulate both FeSOD and GR mRNAs in response to increased oxidative stress and actually cause the observed decline in these mRNAs. This model is plausible because O, causes accelerated aging in mature leaves and may predispose younger leaves to early senescence . The observation that Rubisco levels also decline in leaves undergoing a normal, developmentally programmed senescence suggests that O,-promoted reduction in Rubisco protein and RbcS mRNA could result from early onset of senescence or could be a cause of accelerated senescence . In either scenario, the ability of a plant to modulate chloroplastic antioxidant capacity may be especially sensitive to the onset of aging. This hypothesis is supported by the observation that exposure of barley to conditions of moderate photooxidative stress causes reduction in chloroplastic FeSOD mRNA in mature senescent leaves that are still competent for photosynthesis, whereas this mRNA increases in younger leaves after photoinhibition. In contrast, the mRNAs for both a cytosolic and a mitochondrial SOD are elevated in senes- cent leaves under the same stress conditions (Casano et al., 1994) . Therefore, a senescence-related signal could trigger a decline in chloroplastic antioxidant function in O,-exposed plants despite an elevation in oxidative stress. The signal transduction pathway that triggers the observed decline of photosynthetic protein mRNAs in O,-treated plants is not known, but may involve ethylene, which is a well-known senescence hormone .
It seems unlikely that the down-regulation of A. tkaliana FeSOD, GR, Cab, and RbcS is due to a general downregulation of a11 chloroplast-targeted proteins. In fact, we have shown that PATl mRNA (encoding a chloroplastlocalized amino acid biosynthetic enzyme) actually increases upon exposure of A. tkaliana to O, (Fig. 9) . This result indicates that down-regulation of mRNAs encoding chloroplast-targeted proteins by O, is not universal. Although it is not known why PATl mRNA is induced by O,, enhanced amino acid biosynthesis may allow replacement of damaged proteins. Alternatively, the observed increase may reflect a more general stress-mediated change in PATl mRNA levels. This is plausible because mRNAs for the previous Trp biosynthetic enzyme (anthranilate synthase) are known to increase in response to wounding and pathogens in Arabidopsis (Niyogi and Fink, 1992) .
The response of plants to O, as an abiotic oxidative stress has much in common with the hypersensitive disease resistance resulting from reaction to avirulent pathogens. Both stress responses result in elevation of mRNAs encoding antioxidant enzymes, phenylpropanoid, lignin, and flavonoid biosynthetic pathway enzymes, pathogenesisrelated proteins (Dixon and Lamb, 1990; Kangasjarvi et al., 1994; Levine et al., 1994) , and Trp biosynthetic enzymes (as discussed above). Acute injury caused by high doses of O, results in the localized death of small areas of palisade cells near stomata (Krupa and Manning, 1988) similar to the restricted lesions associated with the hypersensitive response. H202 produced from the oxidative burst in this disease-resistance response was recently shown to act as a diffusible signal to induce antioxidant enzyme genes (GST, glutathione peroxidase) and initiate localized cell death (Levine et al., 1994) . By analogy, the H,02 produced by degradation of O, may be the initial signaling molecule that triggers O,-induced localized cell death and cytosolic antioxidant mRNAs. H202 does not directly activate defense genes such as chalcone synthase and Phe ammonialyase (Levine et al., 1994) , indicating that other signaling molecules are involved in both the hypersensitive response and the O, response. Ethylene, salicylic acid, and reduced thiols a11 rise upon exposure to O, and appear to be involved in activation of specific mRNAs in response to oxidative stress (Mehlhorn, 1990; Hérouart et al., 1993; Yalpani et al., 1994) . There is also speculation that jasmonic acid could play a role in O,-mediated signal transduction (Kangasjarvi et al., 1994) . Lipid peroxides may serve as precursors in jasmonic acid biosynthesis (Farmer and Ryan, 1992) , and plant defense genes such as Phe ammonia-lyase and chalcone synthase are induced by jasmonic acid (Reinbothe et al., 1994) . This study has raised questions concerning the role of individual antioxidants and antioxidant enzyme systems in protection against O,-generated oxidative stress and the identity of the O,-triggered signaling pathways that regulate the levels of cytosolic and chloroplastic mRNAs.
Analysis of the response of existing A. tkaliana signal transduction mutants to O, and generation of new O,-hypersensitive mutants should help answer these questions.
